Using a novel microcalorimeter, we have performed the first specific heat measurements of C 84 , Sc 2 @C 84 , C 82 , and La@C 82 ͑10-300 K͒. We analyze these results using a framework based on the phonon modes in these materials. C 84 compares qualitatively to C 60 with a clear separation between inter-and intraball modes, although the interball modes are significantly softer in C 84 . For Sc 2 @C 84 the added optical modes due to the metal atoms are high-energy Einstein modes comparable to the on-ball modes. Thus, the specific heat of Sc 2 @C 84 is very similar to that of C 84 ; and likewise, the specific heat of La@C 82 resembles that of C 82 . Remarkably, however, C 82 contrasts sharply with the other empty fullerenes in that it shows no separation of energy levels between inter-and intraball modes. We speculate about possible causes of this anomalous behavior. © 1999 American Institute of Physics. ͓S0021-9606͑99͒70136-4͔
Endohedral and higher fullerenes are receiving increasing research attention. Encapsulating atoms inside fullerene cages was imagined, implemented, and confirmed during the very first experiments on C 60 . 1, 2 These intriguing materials were produced only in minute quantities until 1991, 3 after which research intensified. Now both higher fullerenes such as C 82 and C 84 and endohedral materials are made by the same standard carbon-arc process as C 60 . The crystal structures of these materials have not been precisely determined, however, because of the multiplicity of isomers, and because at present samples are still only available in small quantities. When cocrystallized with toluene, C 82 forms a monoclinic lattice, 4 as determined by x-ray diffraction, but so do C 60 and C 70 , which are fcc in pure form. One x-ray study of pristine C 84 crystals is consistent with a majority fcc phase and a minority hexagonal close-packed ͑hcp͒ phase; 5 another indicates cubic symmetry at room temperature and transitions to states of lower symmetry at lower temperatures. 6 A transmission electron microscopy ͑TEM͒ study of Sc 2 @C 84 crystals made, like our samples ͑see below͒, by evaporation out of CS 2 shows an hcp structure. 7 Some interesting remaining problems for endohedral materials include the location of the atoms inside the cages, as well as the nature of the bonding. NMR measurements show that the Sc ions in Sc 2 @C 84 are situated along a symmetry axis and are geometrically equivalent. 8 They each donate ϳ2 electrons to the cage, 9 and are not dimerized because, as ions, they repel; however, neither are they strongly bound to the cage. 10 It is unclear how much cage distortion results from the Sc's presence and how mobile the Sc ions are inside the cage. 9 In contrast, the La in La@C 82 sits in a very off-center position, 11 strongly bound to the cage. 12 It donates three electrons, although there is some back transfer, which leaves the La ion with a net charge ϩ2.9. 13 The La@C 82 molecule therefore has a substantial dipole moment, 14 and cage distortion is probably quite large. 15 In our experiments, we have measured the specific heat, C p , of two metallofullerenes and the corresponding empty cages: La@C 82 , C 82 , Sc 2 @C 84 , and C 84 . We draw conclusions about the interactions in these materials, particularly interball interactions. Both Sc 2 @C 84 and La@C 82 contrast with the case of K 3 C 60 , 16, 17 showing that adding metal atoms inside the balls is quite different from adding them outside. Most surprisingly, C 82 does not resemble other empty-cage fullerenes. We will explore these results using a framework that examines the phonon modes and how they change with the addition of the metal atoms.
The four samples measured (La@C 82 , C 82 , Sc 2 @C 84 , and C 84 ͒ were produced from three sources outside our lab by standard carbon-arc techniques. 18 The C 84 was D 2d and the Sc 2 @C 84 was isomer III, while the others were not a definitive isomer. The endohedral, C 82 , and C 84 samples were in the form of fine powders. Each material was dissolved in the solvent CS 2 and applied to the back of the C p measurement device ͑see below͒ with a syringe. The excess solvent was then allowed to evaporate, and the device was heated to drive off CS 2 incorporated in the sample. The samples were deposited onto devices already containing a thermal conduction layer of 2500 Å of polycrystalline gold.
The specific heat was measured using the relaxation method with our novel thin-film calorimeter devices, which have been described in detail elsewhere. 19 The addenda was measured for each sample before sample deposition, and accounted for 30%-80% of the heat capacity. The mass of the sample was determined after the C p measurement by weighing the device on a sensitive microbalance, stripping the sample in CS 2 , then weighing again. The mass of the C 84 , Sc 2 @C 84 , and La@C 82 samples was 3-5 g, while the C 82 was nearly 30 g. The greatest uncertainty ͑about 15%͒ in the data comes from the mass measurement. Since the mass is simply the scaling factor between heat capacity and specific heat, this means that the entire C p (T) curve is uncertain in the specific heat value to about Ϯ15%, but the shape of the curve is still precise within the scatter of the data points.
The samples were measured in a standard 4 He cryostat designed by RMC ͑now Desert Cryogenics͒. The cryostat has a copper cold finger and radiation shield, a brass vacuum can attached by a greased taper seal, and a helium pot for cooling below 4.2 K ͑not used in these specific heat experiments͒. The temperature range of operation is 1.5 to 310 K.
In this paper, we will report result in units of J/g•K as primary. To convert from J/g•K to J/mol•K ͑atomic͒, multiply the results for C 82 The specific heat of C 84 is shown in Fig. 1 . Note that there is a lower plateau above 10 K, then a steep, nearly linear rise starting at 50 K. This two-regime behavior corresponds to a separation of energy levels in the phonon spectrum, as first articulated by Olson et al. for the case of C 60 . 20 The low-energy excitations are translations and librations involving the entire C 84 cage. These modes saturate by 10 K, implying a very soft intermolecular potential; even in C 60 , the intermolecular modes do not saturate until 80 K. 16, 20 With six modes ͑three translational, three librational͒ and a molecular number density ͑N/84͒, the Dulong-Petit limit for the C 84 molecules is 6͑N/84͒k B ϭ49.5mJ/g•K, which matches the level of the plateau.
Above the temperature where the low-energy modes saturate, the higher-energy excitations on the ball start to be activated and contribute to the specific heat, causing the sharp rise above 50 K. The Dulong-Petit limit for the carbon atoms is 3Nk B ϭ2.08 J/g•K. The saturation temperature is not reached in our experiment ͑and it could not be observed anyway since fullerenes sublime at a few hundred degrees C͒. It is the large difference in bond strength between the covalent bonds on the cage and the molecular bonds between the cages that leads to the separation of energies in the phonon spectrum. Although C 84 can be understood within the same picture that Olson et al. used for C 60 , we reiterate that the extremely low saturation temperature of 10 K indicates that the interball bonding in C 84 is significantly softer than in C 60 , an observation which should be studied further.
The extremely linear shape of C p for C 84 above 50 K is indicative of a broad, nearly constant density of phonon states, similar to what is seen in C p for C 60 above approximately 80 K, which arises from the multitude of on-ball modes. We see no clear evidence of an orientational transition below 300 K, although there is a slight bump in the C p curve near 75 K which warrants further study, and possibly a feature near 20 K ͑shown in the inset͒. Some infrared absorption results indicate that a transition may exist just above room temperature; 21 in the future, higher-temperature C p measurements should be performed.
Turning to Sc 2 @C 84 , also shown in Fig. 1 , we see immediately that C p is hardly different; in fact, the curves nearly overlay within the scatter of the data. As an aside, we note that the slight feature at 75 K in the pure C 84 is absent in Sc 2 @C 84 . Again the interball modes have saturated by 10 K, so this material shows the same extreme softness as pure C 84 . The added Sc modes are most likely nearly dispersionless Einstein modes because the Sc atoms are so isolated from each other. From the extreme similarity of the C p curves, we conclude that the Sc optical modes are highenergy modes in the same regime of the density of states ͑DOS͒ as the C 84 on-ball modes. This can be seen by calculating the saturation value for the six lowest-energy modes ͑the acoustic phonons and cage librations͒ of Sc 2 @C 84 . Taking into account that the average atom in Sc 2 @C 84 weighs 12.77 amu instead of 12 for pure carbon, and that there are 86 atoms per unit cell instead of 84 for the pure material, the lowest six modes saturate at 45.35 mJ/g•K. 17 This value matches the level of the plateau, and we conclude that the Sc optical modes are part of the high-energy branch of the DOS, so that the gap between low-and high-energy branches is preserved. Figure 2 shows the specific heat of C 82 . Unlike C 84 and the well-understood case of C 60 , 16, 20, [22] [23] [24] [25] [26] C 82 starkly lacks the two-tiered shape associated with the separation of energy levels in the DOS. The lowest six modes ͑three acoustic, three librational͒ for C 82 saturate at 50.7 mJ/g•K, 16 but the C p curve passes through this value around 20 K with no indication of flattening, which shows two things: first, the interball modes in C 82 are stiffer than those of C 84 , which reaches the interball saturation as low as 10 K ͑but softer than C 60 , which does so at 80 K͒; and second, the on-ball modes are significantly softer in C 82 than in either C 84 or C 60 , such that they are not separate from the interball modes-a surprising result for a pure fullerene, which would be expected to show a separation because of the radically different bond strengths on and between the balls. C p for C 82 in fact is nearly linear from 10-300 K, indicating that the phonon density of states is nearly constant for energies at least in the range 1-25 meV, due to the many interball and on-ball modes with no significant energy gap between them. Before considering this anomaly, we focus on the C p results for La@C 82 , also shown in Fig. 2 . As with Sc 2 @C 84 compared to C 84 , we see that the addition of modes from the encapsulated atom has, in broad terms, only a small effect on the overall specific heat, in contrast to K 3 C 60 compared to C 60 , which case is described in detail in Ref. 16 , including model densities of states. However, looking at the C p curves carefully, we see that the La@C 82 actually shows greater separation of modes than the C 82 , as evidenced by the slight flattening of the specific heat from 100-150 K. We attribute this to the fact that La bonds to the cage in La@C 82 , which has two results: it stiffens some of the low-energy on-ball modes, and it increases the mass of the fullerene, thereby softening the interball modes. Both of these effects enhance what little separation of energy levels there is, producing a slightly more two-tiered shape to C p .
However, neither C 82 nor La@C 82 shows the two-tiered behavior to a degree approaching that of C 60 , C 84 , or Sc 2 @C 84 , which must be explained. Focusing first on La@C 82 , we cite two relevant prior studies to shed light on the lack of separation of energy levels. First, an explanation is perhaps suggested by the scanning tunneling microscopy ͑STM͒ work of Hasegawa et al., 27 who found that Y@C 82 molecules on a Cu͑111͒ surface tend to cluster into dimers and trimers arranged ''head to tail'' because of the interaction of the unpaired electron on neighboring molecules ͑and La@C 82 should behave similarly͒. Such intermolecular attraction could account for the blurring of the energy separation through significant stiffening of the intermolecular modes. Neither C 60 nor Gd@C 82 , which have no unpaired electrons, showed a tendency to cluster, and preliminary results on Li@C 60 suggest that it may dimerize because of the single radical electron donated to the cage. 28 However, the dimer explanation for La@C 82 -based on the presence of unpaired electrons-is ruled out in light of our result for pure C 82 , which also lacks a two-tiered specific heat, despite having no obviously unpaired electrons.
Second, one might analogize to the case of K 3 C 60 and attribute the blurred energy separation in La@C 82 to the appearance of La optical modes in the gap, although such an explanation would not be relevant to pure C 82 . Lebedkin et al. 29 have studied various M@C 82 fullerenes with infrared ͑IR͒, Raman, and neutron spectroscopy. Consistent with our specific heat results, they observe no separation of energy levels between the inter-and intraball modes, and find that the metal optical modes appear in the gap. However, the observed spectral weight of the gap modes exceeds that from the optical modes alone, implying that even in pure C 82 there is no separation of energy levels, just as we observe in C p . In general, more complete spectroscopic measurements of endohedral and higher fullerenes would be useful for comparing to specific heat results ͑currently, those published do not cover a sufficient energy range͒, and in particular, spectroscopic measurements of pure C 82 would help pin down the presence of gap modes in the empty cage. Therefore, the model of new metal modes appearing in the gap, which works well for K 3 C 60 , 16, 17 is not the whole story in La@C 82 .
These previous studies suggest ͑at least͒ two possibilities for the reason behind the lack of energy level separation in C 82 and La@C 82 . The first is derived from Lebedkin's spectroscopic work: that C 82 all by itself has stiffer interball modes and softer on-ball modes than those of C 60 and C 84 . A comparison of Figs. 1 and 2 supports the first suggestion of stiffer interball modes, as evidenced by the fact that the interball C p for the C 84 materials has saturated by 10 K, while it does not do so until 20 K for the C 82 materials. Raman and IR studies of pure C 82 would address the issue whether the on-ball modes are softer in pure C 82 than C 84 . A second, more novel possibility is that C 82 dimerizes ͑or otherwise clusters͒ with and without La inside. The C 82 cage is far less abundant than C 84 and other ''magic''-numbered cages like C 60 and C 70 because it is less stable. Perhaps dimerized C 82 gains stability. It would be interesting to perform Hasegawa's STM experiments on pure C 82 ; our specific heat results indicate that the balls may cluster like Y@C 82 ͑and unlike C 60 ).
In conclusion, we have shown from specific heat experiments that C 84 behaves qualitatively like C 60 in terms of a separation of energy levels between interball and intraball modes. Thus, C 84 is a molecular solid like C 60 with weak bonds between the balls and strong bonds on the balls. However, C 84 shows significantly softer interball modes than C 60 , saturating by 10 K, implying that the highest energy interball modes are below 1 eV. Adding Sc inside the balls to make Sc 2 @C 84 makes almost no difference to C p because the Sc optical modes are high-energy modes that add into the intraball modes instead of appearing in the gap as they do for K 3 C 60 . 16 C 82 , however, differs even more severely from the other pure fullerenes studied. It shows no two-tiered behavior in C p , and hence no separation of energy levels. La@C 82 actually shows somewhat more separation of energy levels than pure C 82 due, we suggest, to a stiffening of low-energy on-ball modes from the La-C bond, but it too has no true separation of energy levels.
These results point to the fact that even pure fullerenes are not simply geometric variations on a theme. They exhibit significantly different specific heats, meaning that their phonon spectra, which ultimately derive from bonding proper- In sharp contrast to the other empty fullerenes, C 82 shows no low-temperature saturation of the interball modes; these modes are not separate in energy from the on-ball modes. The six lowest-energy modes ͑three acoustic, three librational͒ would saturate at 50.7 mJ/g•K in C 82 and 44.34 mJ/g•K in La@C 82 ͑Ref. 16͒. From the slight flattening of the La@C 82 curve from 100-150 K, we note that this material shows greater separation of energy levels than pure C 82 . Inset: the region below 100 K.
